In this work, we consider magnetic separation of iron oxide nanoparticles when a nanoparticle suspension (diluted ferrofluid) passes through a closed-loop filter composed of a packed bed of micro-beads magnetized by an externally applied magnetic field. We show that the capture of nanoparticles of a size as small as 60 nm is easily achieved at low-to-moderate magnetic fields (15 kA/m) thanks to relatively strong magnetic interactions between them.
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I. Introduction
Separation of magnetic particles from a suspending liquid and/or other substances has found numerous applications in different technologies related to the ore beneficiation 1 , separation biological cells or molecules 2 , and water or soil purification from micropollutants 3 . Sub-micron particles posses a high specific surface, and allow a more efficient adsorption of micro-pollutant or biological molecules, as compared to conventionally used micron-sized magnetic beads. However, the magnetic separation of nanoparticles as small as 20-50 nm in size has been for a long time considered to be inefficient because of a strong Brownian motion 4 . We have recently shown that the nanoparticles can still be efficiently separated if magnetic interactions between them are strong enough to induce a phase separation. Upon an application of an external magnetic field, the nanoparticles reversibly gather into drop-like aggregates, which are extracted from the suspending liquid much easily than individual nanoparticles 5 . In or previous works 5, 6 , we have studied in details the capture of iron oxide nanoclusters by a single collector -an iron or nickel micro-bead magnetized by an external applied magnetic field. The nanoclusters were permanent quasi-spherical agglomerates of individual nanoparticles stabilized in water by an oleic acid double layer. We have shown that, at strong magnetic interactions (described by the dipolar coupling parameter -the ratio of magnetic-to-thermal energy, α >3) the capture process of relatively small (about 60 nm) nanoclusters is in principally governed by hydrodynamic and magnetic forces acting on them, or by their ratio called Mason number.
In the present paper, we study nanocluster accumulation around multiple magnetized collectors -a packed bed of microbeds. We seek to realize an effective nanoparticle filtration at magnetic fields as low as 30 kA/m as opposed to standard high gradient magnetic separators (HGMS) conventionally used in this domain 7 . Our goal is to establish the effect of the neighbouring collectors on the accumulation process occurred on a considered collector and to provide the Mason number effect on the filtration efficiency as a macroscopic feature of the filtration on porous medium. We start with description of the experimental setup in Section II. Then, in Section III, we develop a theoretical model allowing predictions of the capture efficiency both in microscopic (pore size) and macroscopic (whole filter) scales.
Finally, in Section IV, we compare experimental results with our model and establish relationships between the filter efficiency and the Mason number.
II. Experimental setup
In the experiment, the nanocluster suspension is subjected to a recirculation flow in a Mettler Toledo DP Phototrode measures the transmittance of a light beam, which is then converted to the particle concentration φ using an appropriate calibration curve. In experiments, we analyse the effect of the filtration speed u and of the applied field H 0 on the concentration evolution φ(t). A deeper understanding of the field and velocity effects on the filtration process may be achieved through theoretical considerations developed in the next section.
III. Theory
The common method to describe the physics of filtration consists of considering two different scales. In the macroscopic scale, the filter is considered as a continuum medium characterised by two phenomenological parameters: the filter efficiency, Λ, and the maximal retention capacity, σ m . The concentration evolution inside the filter, φ(t,z), is described by the mass conservation. In the microscopic scale, the particle motion is considered in a pore size The starting point of the model is the particle mass conservation in the filter. The averaging of the mass balance over a representative volume at a microscopic scale gives the so-called filtration equations, describing the concentration distribution inside the filter at a macroscopic scale 8, 9 :
where σ is the concentration of deposited particles (ratio of the total volume of captured particles to the filter volume); φ in and σ in are concentrations of non-captured and deposited particle at the filter inlet;
is the corrected time; ε is the filter porosity;
λ is the phenomenological filter coefficient corresponding to the capture efficiency of a clear
is the correction factor taking into account a decrease of the capture efficiency with a progressive particle deposition on the filter elements; σ m is the maximum concentration of deposited particles when the filter is saturated; this quantity is called hereinafter the retention capacity.
In the present case of the closed loop filter [ Fig. 1 ], the particle flux balance along the connecting tube implies that the particle concentration at the filter outlet at the moment t is the Thus, the following initial conditions should be associated to the filtration equations (1)- (3): 
Substituting the last equation into the system of equations (1)- (3), we obtain, after some mathematics, the following solution for the temporal evolution of the inlet particle concentration for the closed loop filter: 
The capture efficiency e coll of a single collector can be found by an analysis of trajectories of magnetic particles passing through the concentric sphere cell. Due to demagnetizing effects, the collector (inner sphere) perturbs the magnetic field lines around it and creates the field gradients in the vicinity of its surface. These field gradients exert a force on the magnetic nanoclusters arriving with the suspension flow. Some of them will be entrapped by the collector. Mathematical details of this analysis are described in the work of Moyer et al. 11 for the considered geometry. Briefly, the particle trajectory follows from the equilibrium of magnetic and hydrodynamic forces, and Brownian motion of particles is However, we do not pursue this goal because this quantity cannot be precisely determined by fitting the experimental curves and we were unable to measure it independently. We suppose that the retention capacity decreases with Mason number because the nanoclusters are more easily washed away from the filter.
IV. Experimental results and comparison with the theory
Recall that in experiments, the nanocluster suspension flows through a closed loop circuit and passes several times through the filter. When the nanoclusters are progressively captured by the filter, their concentration φ decreases with time in all points of the connecting tube.
In with experiments, keeping in mind that the physics of capture is much more complicated than that described by the model. Choosing the ratio r a /r m~7 , we manage to superimpose the corrected theoretical curve (blue curve) with the three experimental points obtained for the magnetic field H 0 =16 kA/m.
Thus, the corrected theory is capable to predict the behaviour of the filter efficiency as function of the Mason number at low enough magnetic fields (or dipolar coupling parameters α), for which there is no phase separation in the suspension bulk.
V. Conclusions
We have studied the magnetic nanocluster capture by a porous medium composed of a bed of magnetized spheres. In experiments with the closed loop filtration, the nanocluster concentration φ decreases progressively with time thanks to the capture of the nanoclusters by the microspheres. One of the mechanisms governing the nanocluster capture in the porous medium is connected to the interplay between the hydrodynamic and magnetic forces exerted to the nanoclusters. This mechanism is described by the ratio of these both forces -the Mason number Ma . An additional mechanism reinforcing the capture efficiency can be attributed to the phase separation in the suspension bulk within the known range of the parameters α and φ.
The filtration efficiency Λ is characterized by the ratio of the nanocluster concentrations at the filter inlet and outlet and follows the power-law trend 
